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Abstract
In the framework of the soft-collinear effective theory, we demonstrate that the leading-power heavy-to-
light baryonic form factors at large recoil obey the heavy quark and large energy symmetries. Symmetry
breaking effects are suppressed by Λ/mb or Λ/E, where Λ is the hadronic scale, mb is the b quark mass and
E ∼ mb is the energy of light baryon in the final state. At leading order, the leading power baryonic form
factor ξΛ,p(E), in which two hard-collinear gluons are exchanged in the baryon constituents, can factorize
into the soft and collinear matrix elements convoluted with a hard-kernel of order α2s. Including the energy
release dependence, we derive the scaling law ξΛ,pE) ∼ Λ2/E2. We also find that this form factor ξΛ(E)
is numerically smaller than the form factor governed by soft processes, although the latter is formally
power-suppressed.
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I. INTRODUCTION
Precision test of the unitarity of the CKM matrix, allowing us to explore the SM description of
the CP violation and reveal any physics beyond the SM, greatly depends on our knowledge of the
nonperturbative matrix elements. Fortunately the calculation of the amplitudes of bottom meson
decays is under control as the amplitudes can be expanded in terms of small ratios justified by both
the large b-quark mass, and a large energy release in the decay. With this expansion, a number of
theoretical predictions on different observables in various channels are found in global agreement
with experimental measurements (see Ref. [1] for a review).
Decay processes of heavy baryons consisting of a bottom quark provide complementary infor-
mation with the B meson and thereby are receiving growing attentions on both experimental and
theoretical sides. Semileptonic decays, such as Λb → plν¯, are simplest exclusive baryonic decays
and governed by heavy-to-light form factors. In this retrospect, apart from the theoretical anal-
ysis based on the heavy quark effective theory [2–4], the simplification of baryonic form factors
in the large energy limit is exploited [5, 6] (see Ref. [7, 8] for an earlier discussion), applying the
method developed in the mesonic case [9, 10]. In the Λb → Λ transition, only one form factor is
nonzero after the reduction and this universal function (soft form factor) is also calculated within
the light-cone QCD sum rules in conjunction with the effective field theory [5].
Soft-collinear effective theory (SCET) [11–15] is a powerful tool to describe processes with
particles having energy much larger than their mass. The heavy-to-light decay of heavy baryons,
for instance Λb → plν¯, is of this type. SCET makes use of the expansion in small ratios, in this
case, λ =
√
Λ/mb with Λ as the hadronic scale and mb as the b quark mass. One of the most
important features of SCET is that the interaction between the soft and collinear sectors is taken
into account, overcoming the shortcomings in the large energy effective theory [9, 10]. Therefore
in SCET not only the reduction of the leading-power form factors is formulated on the QCD basis,
but also the symmetry-breaking corrections can be systematically explored [16, 17].
In this work, we will analyze the baryonic form factors in SCET and follow the techniques
developed in the B → π form factor which takes the following factorization form at the leading
power [15, 18, 19]
FB→πi (E) = Ciξπ(E) +
∫
dτC ′i(E, τ)Ξπ(τ,E). (1)
Here E is the energy of the final hadron and Ci and C
′
i are the short-distance coefficients obtained by
matching from QCD onto the effective field theory. The one-loop expressions for these coefficients
can be found in Refs. [11, 13, 18–21]. In what follows we will adopt the ansatz that the final light
particle is composed of collinear objects and thus hard-collinear gluon exchange is required to turn
the soft spectators into energetic ones. In such picture, to the end we will show that the matrix
elements parametrizing form factors, in the example of Λb → Λ, are formally simple
〈Λ(p′)|s¯Γb|Λb(p)〉 = CiξΛ(E)u¯Λ(p′)ΓuΛb(p) +O(λ2ξΛ), (2)
in which the spin indices are suppressed. For contributions dominated by soft processes which are
not suppressed by αs, please see Refs. [5, 6].
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The remainder of this work is organized as follows. In Sec. II, we will present the form of the
leading power and next-to-leading power heavy-to-light currents in SCET after integrating out the
hard modes, and following Ref. [19] discuss their representations in the effective theory containing
soft and collinear modes. In Sec. III, the transition form factors are directly calculated in QCD,
and we show the correspondence with the SCET effective operators. Several implications from our
analysis are given in Sec. IV, and a summary of our findings is presented in Sec. V.
II. SCET ANALYSIS
We use the position-space representation of SCET and closely follow the notations in Refs. [14,
19]. We work in the b-baryon rest frame and use the light-cone coordinate, in which a momentum
p is decomposed as
pµ = (n+p)
nµ−
2
+ pµ⊥ + (n−p)
nµ+
2
(3)
where n± are two light-like vectors: n
2
+ = n
2
− = 0 and n+ · n− = 2. The reference directions
n± are chosen such that the energetic massless external lines in the recoiling system have n+p
of order mb, while the magnitude of n−p is small. This type of momenta is collinear: pc =
(n+p, p⊥, n−p) ∼ (1, λ2, λ4). The slowly-moving degrees of freedom in the heavy baryon have soft
momenta qs ∼ (λ2, λ2, λ2). For the heavy b quark, the statement of “soft” refers to the residual
momentum after removing the large component which becomes a label of heavy quark. The hard-
collinear mode, with O(mbΛ) virtuality, arises from the interaction between soft and collinear
sector: phc ∼ (1, λ, λ2).
Power scalings of quark and gluon fields are determined by the configuration of their momenta.
For the quark fields, we have
ξc =
n/−n/+
4
ψc ∼ λ2, ξhc = n/−n/+
4
ψhc ∼ λ,
qs ∼ λ3, hv = 1 + v/
2
Qv ∼ λ3. (4)
Here v is the velocity of the heavy quark. ξc,hc and hv are large components of the collinear,
hard-collinear and heavy quark fields, respectively. Small components of the heavy quark field,
Hv, and collinear quarks, ηhc and ηc, can be integrated out at tree level by solving the equation of
motion. Scalings of gluon fields have a similar behavior with their momenta
n+Ac ∼ 1, n−Ac ∼ λ4, A⊥c ∼ λ2, As ∼ λ2,
n+Ahc ∼ 1, n−Ahc ∼ λ2, A⊥hc ∼ λ. (5)
From the relativistic normalization condition, we find that the baryonic states in the effective
theory, taking the Λb and Λ as an example, have the scaling
|Λb〉 ∼ λ−3, |Λ〉 ∼ λ−2, (6)
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where we did not specify the differences with the states in QCD. Presumably these differences may
introduce more power corrections, but they are left out here, since the leading-power behavior is
unlikely to change. Decay constants of baryons defined via [22, 23]
ǫijk〈0|(uiCγ5dj)hkv |Λb〉 = f (1)Λb uΛb , ǫ
ijk〈0|(uiCγ5v/dj)hkv |Λb〉 = f (2)Λb uΛb ,
ǫijk〈0|(uiCγ5n/+
2
dj)
n/+
2
sk|Λ(p′)〉 = fΛn+p
′
2
n/+
2
uΛ,
scale as fΛb ∼ λ6 and fΛ ∼ λ4 with fΛb denoting both f (1)Λb and f
(2)
Λb
.
In SCET, integration of the fluctuations with large virtualities proceeds in two-steps [15, 19]. In
the first step, hard scales, caused by the interaction between the collinear sector and heavy quark,
and between two or more collinear sectors with different directions, are integrated out and thereby
QCD is matched onto an intermediate effective theory, called SCETI . In this effective theory
gauge invariant operators are built out of fields of hard-collinear quarks or soft gluons and quarks.
The leading-power and next-to-leading power terms having non-zero matrix elements between the
baryonic transition are constructed as
OAj (s) = (ξ¯hcWhc)sΓjY
†
s hv ,
OBj (s1, s2) = (ξ¯hcWhc)s1(W
†
hciD⊥µWhc)s2Γ
′
jY
†
s hv ,
OCj (s1, s2, s3) = (ξ¯hcWhc)s1(W
†
hciD⊥µ1Whc)s2(W
†
hciD⊥µ2Whc)s3Γ
′
jY
†
s hv ,
ODj (s1, s2) = (ξ¯hcWhc)s1(W
†
hcin−DWhc − in−Ds)s2Γ′jY †s hv ,
OEj (s, t) = (ξ¯hcWhc)s(iD
µ
s )tΓ
′
jY
†
s hv, (7)
where the hard-collinear field with the subscript s is evaluated at x+ sn+, while the soft field with
the subscript t is evaluated at x+ tn−, with x being the space coordinate from the QCD current.
Γ′j is one of the following gamma matrices
Γ′j = (1, γ5, γ⊥, γ⊥γ5). (8)
The Whc and Ys are hard-collinear and soft Wilson lines, respectively [15, 19].
Integration of the hard-collinear mode will result in the final SCET, named as SCETII for
convenience. In SCETI , the generic power scalings of the operators in Eq. (7) are
OA ∼ λ4, QB ∼ λ5, OC,D,E ∼ λ6. (9)
But none of them have the right quantum numbers with baryons in the initial and final state.
Thus the matching of these operators from SCETI onto SCETII will induce additional power
suppressions and one of our goals is to count these suppressions. To the end, we will demonstrate
that the contribution from the OA operator starts at the O(λ9), while the other types of operators
have the power λ11.
A. General analysis in SCETII
To represent the quantum numbers of the Λb and Λ baryon, at least the fields qsqshv and three
collinear quark fields are needed. In the light-cone gauge a most general form of an operator with
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non-vanishing matrix elements can be taken as [19]
[objects]× (ξ¯c{1, n/+/2}Γ′kqs)(ξ¯c{1, n/+/2}Γ′lqs)(ξ¯cΓ′jhv). (10)
where the objects in the brackets are combinations of the building blocks:
(in−∂)
−1 nµ
−
∂⊥, A⊥c, A⊥s n−∂, n−Ac q¯s
n/+
2
Γ′mqs q¯sΓ
′′
mqs
n1 n3 n5 n7 n9a n9c
(in+∂)
−1 nµ+ n+∂, n+As ξ¯c
n/+
2
Γ′mξc q¯s
n/
−
2
Γ′mqs
n2 n4 n6 n8 n9b
,
with the integers ni being the number of occurrences of Oi in an operator. Γ
′
j,k,l,m take one of the
forms in Eq. (8), while Γ′′m is a basis for the remaining eight boost-invariant Dirac structures. We,
following Ref. [19], use the power scaling, boost invariance and the matching of mass dimensions
to pick up the allowed forms. The notation for these symbols is used as: [λ]O = n means that
O scales with λn, the “boost” label corresponds to the scaling αn of O under boosts n− → αn−,
n+ → α−1n+; the mass dimension is denoted by [d]O. Using the properties of these building blocks
which are discussed in detail in table 2 of Ref. [19], we find an operator in the final effective theory
has the scalings
[λ] = 15− 2n1 + 2n5 + 2n6 + 4n7 + 4n8 + 6(n9a + n9b + n9c),
[α] = 0 = −n1 + n2 + n3 − n4 − n6 + n7 − n8 − n9a + n9b,
[d] = 9− n1 − n2 + n5 + n6 + n7 + 3(n8 + n9a + n9b + n9c), (11)
from which we have
[λ] = 6 + [d]− n3 + n4 + n5 + 2n6 + 2n7 + 2n8 + 4n9a + 2n9b + 3n9c. (12)
In operators OA,B,C,E the only Lorentz structure having nonzero contraction with nµ− is
ǫα⊥β⊥µνn
µ
−n
ν
+, and thus n3 ≤ n4. For the OA operator, [d] = 3 and there is only one nontriv-
ial solution with [λ] = 9, n1 = n2 = 3, n3 = n4 and ni = 0(i ≥ 5). Since there is no free Lorentz
index containing nµ− or n
µ
+ in Γ
′
j, the equality n3 = n4 rules out the possibility of n/+/2 in Eq. (10).
As for OB operator, [d] = 4 thus [λ] ≥ 10. Since n1 is an integer, the leading contribution from
this operator has the scaling [λ] = 11. One solution is n1 = 2, n2 = 3, n4 − n3 = 1, ni = 0(i ≥ 5)
and the other is n3 = n4, n1 = n2 = 3, n5 = 1, ni = 0(i ≥ 6). The latter one corresponds to the
higher Fock state contribution, due to the presence of an extra soft or collinear gluon. The OE
also belongs to this type.
In the light-cone gauge (W †hcin−DWhc− in−Ds) reduces to n−Ahc. In the OD operator, [d] = 4
and the factor nµ− contracts with the gluon field Ahcµ. After the elimination of the hard-collinear
fields, nµ− can not be a free Lorentz index and maybe it is contracted: with n+ which is a constant
or in the form of ǫα⊥β⊥µνn
µ
−n
ν
+; with a gamma matrix as q¯s
n/−
2 Γ
′
mqs; with a derivative to a soft
field in the form of n−∂; or with a collinear gluon field as n−Ac. In the first contraction, n4 ≥ n3,
and [λ] ≥ 10. Due to the integer constraint on n1, this operator has the scaling [λ] = 11 and its
solution is similar to the one in OB . For the rest cases, n3 may be larger than n4 by one unit, but
n7 > 0 or n9b > 0, causing more power suppressions and resulting in [λ] > 11.
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For the operator OC , [d] = 5 and [λ] ≥ 11. The solution having the power [λ] = 11 is
n1 = n2 = 2, n3 = n4 and ni = 0(i ≥ 5).
The above matching analysis indicates that the operator OA is indeed dominant and others are
λ2 suppressed. Taking into account the power scalings of baryonic states, we obtain the scaling
laws for operator matrix elements
〈Λ|OA|Λb〉 ∼ λ4, 〈Λ|OB,C,D,E|Λb〉 ∼ λ6. (13)
B. Tree-level Matching
Now we will perform a tree-level matching from SCETI to SCETII , and identify various terms
to different types of operators. In this procedure, the hard-collinear quark field is first expressed as
a product of soft and collinear fields and the hard-collinear gluon fields. Then the hard-collinear
gluons are integrated out by solving the equation of motion for the Yang-Mills fields and their
expressions in terms of soft and collinear quarks and gluons will be substituted back into the
hard-collinear quark field. For simplicity, we shall work in the light-cone gauge n+Ahc = n+Ac =
n−As = 0 and the gauge invariant form can be obtained by the field redefinition technique.
The QCD currents can be matched onto the effective currents in the SCET
JQCD = [ψ¯(x)Γb](x)→ e−imbv·x[ψ¯ΓQ](x) (14)
with
ψ = ξc + ηc + ξhc + ηhc + qs
= ξc + ξhc + qs − 1
in+Ds
n/+
2
[(iD/⊥)(ξc + ξhc) + (gA/⊥c + gA/⊥hc)qs],
Q =
(
1 +
iD/s
2mb
)
hv − 1
n−v
n/−
2mb
(gA/⊥c + gA/⊥hc)hv
+
1
2mbn−v
[
1
in+∂
(gA/⊥c + gA/⊥hc)(gA/⊥c + gA/⊥hc)
]
hv
−
[{
1
mbn−v
n/−n/+
4
− n+v
n−vin+∂
}
(n−Ahc)
]
hv +O(λ4hv), (15)
with the derivative 1/n+∂ acting on the collinear field in the square bracket.
In the light-cone gauge, the collinear quark Lagrangian reads as
L = ξ¯
(
in−D + [iD/⊥]
1
in+Ds
[iD/⊥]
)
n/+
2
ξ + ..., (16)
with the ellipses standing for all other terms. Here ξ and the collinear gluon in the covariant
derivative denote both collinear and hard-collinear field and will be substituted as ξ → ξc + ξhc
Ac → Ac + Ahc. With the use of the equation of motion, the ξhc can be integrated out and in
particular, the solution (dropping the terms not satisfying momentum conservation)
ξhc ∼ − 1
in−∂
(
gn−Ahc + iD/⊥
1
in+∂
iD/⊥
)
ξc
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contributes to ψ(6) as
ψ(6) = − 1
in−∂
(
gA/
(3)
⊥hc
1
in+∂
gA/
(3)
⊥hc + gn−A
(6)
hc
)
ξc + ... , (17)
in which the expressions of gluons will be specified below. The other useful pieces are [19]
ψ(2) = ξc,
ψ(5) =
1
in+∂
gA/
(3)
⊥hc
n/+
2
ξc − 1
in−∂
(
(iD/⊥c + gA/⊥s)
1
in+∂
gA/
(3)
⊥hc
+ gA/
(3)
⊥hc
1
in+∂
(iD/⊥c + gA/⊥s)
)
ξc − 1
in−∂
gn−A
(5)
hc ξc + ..., (18)
where the first term in ψ(5) is from the small component of the hard-collinear quark field η
(5)
hc and
the ones in the large parentheses are from ξ
(5)
hc . The relevant hard-collinear gluon field is expanded
as [19]
A
(3)
⊥hc = gT
A 1
in+∂in−∂
{q¯sγ⊥TAξc + h.c.},
n−A
(5)
hc = −
2
(in+∂)2
{
iDµ⊥ [in+∂A(3)µ⊥hc]− g
[
in+∂A
µ⊥
c , A
(3)
µ⊥hc
]
− 2gTA
{
ξ¯cT
A
(
n/+
2
− 1
in−∂
gA/⊥c
)
qs + h.c.
}}
,
n−A
(6)
hc = −
2
(in+∂)2
[
− 2[in+∂A(3)µ⊥hc , A(3)µ⊥hc] + 2gTA
{
ξ¯cT
A
( 1
in−∂
gA/
(3)
⊥hc
)
qs + h.c.
}]
. (19)
with the covariant derivative iDµO = i∂µO + g[Aµc +Aµs ,O].
Before substituting the hard-collinear fields into the currents, we first count the collinear quark
numbers. The final baryonic state contains three quarks, and has collinear quark number +3. In
order to have nonzero matrix elements, the effective currents in the SCET must have the collinear
quark number 3 as well. Let us recall that the gluon filed A
(3)
⊥hc contains one collinear quark (or
antiquark depending on the interaction form in the effective theory), while n−A
(6)
hc may contain
two collinear quarks. For the expression of ψ(n), we note that ψ(2) (and also ψ(4)) has collinear
quark number −1, while ψ(3) has collinear quark number 0. The most nontrivial terms are: ψ(5)
which has a collinear quark number −2 or 0, and ψ(6) with collinear quark number −3 (or ±1).
The combinations having the leading and next-to-leading power scalings indeed take the forms as
OA, OB,C,D and OE .
Substituting A
(3)
⊥hc, n−A
(6)
hc and ψ
(6) into the effective currents, we have the leading term in the
expansion
J (9) = −ξ¯c
(
gA/
(3)
⊥hc
1
−in+
←−
∂
gA/
(3)
⊥hc + gn−A
(6)
hc
)
1
−in−
←−
∂
Γhv. (20)
The first term in the above equation contains two hard-collinear gluons emitted from the hard-
collinear quark, and is depicted as the first diagram in Fig. 1. In this figure, the dashed lines
denote the collinear quarks, while the solid lines are soft spectators. The thick lines represent the
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(a) (c)(b)
OA OA OA
(d)
OB OD OC
(e) (f )
FIG. 1: Tree matching diagrams for the heavy-to-light baryonic form factors. The dashed lines denote the
collinear quarks, while the solid lines are soft spectators. The thick lines represent the heavy bottom quark.
The spring lines denote a collinear gluon n−Ahc while the spring+solid lines denote the A⊥hc. The hard
modes have been integrated out and shrunk to the black point.
heavy bottom quark. The spring lines denote a collinear gluon n−Ahc while spring+solid lines
denote the A⊥hc. In the n−A
(6)
hc , the trigluon term, corresponding to Fig (1c), vanishes and it can
be understood as follows. The three quarks have antisymmetric colors in both initial and final
baryons, and thus the color rearrangement factor in this diagram is zero
ǫijkǫi
′j′k′TAii′T
B
jj′T
C
kk′f
ABC = ǫikjǫi
′k′j′TAii′T
B
kk′T
C
jj′f
ABC = 0. (21)
The current J (9) originates from the large component of the hard-collinear quark field ξ
(6)
hc as shown
in Eq. (17) and thereby the Lorentz structure is reduced:
J (9) ∼ n/+n/−
4
Γ
1 + v/
2
→ Γ′j, (22)
as expected in the large recoil limit.
The other combinations of operators start from λ11
J (11) = − 1
n−v
ψ¯(5)Γ
n/−
2mb
gA/
(3)
⊥hchv +
1
2mbn−v
ψ¯(2)Γ
1
in+∂
gA/
(3)
⊥hcgA/
(3)
⊥hchv
−ψ¯(2)Γ
[{
1
mbn−v
n/−n/+
4
− n+v
n−vin+∂
}
(n−A
(6)
hc )
]
hv + ψ¯
(6)Γ
iD/s
2mb
hv + ..., (23)
where these four pieces can be incorporated into the operators OB,C,D,E respectively. It should
be noted that except the second term, the other terms can have different Lorentz structures with
the reduced form as in Eq. (22). For instance, the fourth term is from the small component of the
heavy bottom quark, which has the Lorentz structure n/+n/−4 Γ
1−v/
2 .
We also show the tree-level matching diagrams for the OB,C,D operators in Fig. 1. However
the higher Fock state contributions, either from OE having the similar structure with OA except
that one additional soft gluon is emitted from the hard vertex, or from the operator OB , are not
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depicted. Graphically speaking the dominance of OA can be understood as follows. In the three
diagrams (a,d,e) one commonality is that the two gluons interact with a soft quark from the initial
state and a collinear quark in the final external state, and thereby these two vertices have the same
power scaling. However in the first diagram the quark propagator next to the weak vertex has the
form 1/(n−p) ∼ 1/λ2 while the rest quark propagators are of order λ0, leading to the enhancement
of the first diagram.
III. ANALYSIS OF THE TRANSITION DIAGRAMS IN QCD
In this section, we will analyze the leading power behaviors of the baryonic transition form
factors in QCD, whose Feynman diagrams are depicted in Fig. 2. We adopt the ansatz that the
fast-moving baryon is composed of three collinear constituents, therefore at least two gluons are
exchanged and these gluons must be far off-shell. We will not include the contributions involving
higher Fock states, as at least one more gluon is needed. As we have already shown, the trigluon
diagrams give vanishing contributions and thereby will not be considered either. There are seven
diagrams shown in Fig. 2: three of them (a,b,c) containing the momentum exchange by two gluons
between the spectator quark system and the energetic light quark connecting the the electroweak
vertex; the same number of diagrams (e,f,g) having two gluons emitted from the heavy quark; the
rest diagram (d) in which the light spectator system receives momentum exchange from both the
energetic quark and the heavy quark. The inclusion of the flavor index will give another seven
diagrams, but only leads to the exchange of momentum fractions of the light spectator quarks.
The leading twist LCDA of a light baryon, such as Λ, is [6, 23]
ǫijk
n+p
′
8
1
6
(Cn/−γ5)βα(u¯Λ)γ , (24)
with i, j, k being the color indices and α, β, γ being the spinor indices. For the heavy baryon,
several types of LCDAs emerge [22]
1
48
ǫijk(n/+γ5C)αβ(uΛb)γ ,
1
48
ǫijk(n/−γ5C)αβ(uΛb)γ ,
1
48
ǫijk(γ5C)αβ(uΛb)γ ,
1
48
ǫijk(n/+n/−γ5C)αβ(uΛb)γ . (25)
In the leading power matrix elements, only the first type of LCDA contributes. We choose the
momentum fractions of the three collinear quarks in the light baryon as y1, y2, y3 and the momentum
fractions of the soft spectator quarks (in the direction n+) in the initial state as x2 and x3. The
corresponding momenta will be denoted as p′1, p
′
2, p
′
3 for the collinear quarks, and p2, p3 for the soft
quarks.
The calculation will be simplified by the following two observations.
• If both vertices of a hard-collinear gluon are attached to collinear quarks, only the transverse
component of this gluon contributes.
• In the light spectator system (usually called a diquark), only the diagrams with even number
of gluon transverse indices are nonzero. For instance, as shown in Fig 2(b,e,f), if only one
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(b) (c)
(d) (e) (f )
(g)
(a)
FIG. 2: Feynman Diagrams for heavy-to-light baryonic form factors in QCD. Trigluon diagrams having
wrong color factors are not shown.
hard-collinear gluon is emitted from the light quark or the heavy quark, this gluon has to
be in the form n−Ahc or n+Ahc.
The first observation can be proved by writing the amplitudes as
[q¯1γµ...]× [q¯2γµ...] = [q¯1γ⊥µ...]× [q¯2γ⊥µ...], (26)
with q1 and q2 being the two collinear quarks attached to the gluon. The second one is based
on the fact that the two-spectator system technically forms a trace in the spinor space. There
is no transverse index from the external wave functions, and thereby the internal ones from the
exchanged gluons must be even.
The leading power contributions from Fig. 2(a,b) can be matched onto the OA operator. In
Fig. 2(a), using the first observation, one of the two gluons (the right one) is connected to two
collinear quarks, and only the transverse component is left. With the second observation, the
other gluon must take the transverse component as well. In the numerator of the quark propagator
between the two gluons, the collinear momentum p/′1+ p/
′
3 does not contribute since it is next to the
light spinor: u¯Λγ⊥(p/
′
1 + p/
′
3) = 0. This propagator is simplified as
i(−p/3 + p/′1 + p/′3)
(−p3 + p′1 + p′3)2
≃ in/+
2(y1 + y3)n+p′
, (27)
which scales as λ0. The other quark propagator is reduced to
i(−p/3 − p/2 + p/′)
(−p2 − p3 + p′)2 ≃ −
in/−
2(x2 + x3)mΛbn−v
, (28)
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which has the scaling 1/λ2. Here we have used x2, x3 ∼ Λ/mΛb for the soft momentum fraction.
Combining these pieces, this diagram has the form
F (a) = CNg
4
s
∫
dy2dy3dx2dx3fΛbfΛΦΛb(x1, x2, x3)ΦΛ(y1, y2, y3)
× i
y3x3mΛbn+p
′n−v
i
y2x2mΛbn+p
′n−v
×u¯Λγµ⊥
in/+
2(y1 + y3)n+p′
γν⊥
−in/−
2(x2 + x3)mΛbn−v
ΓuΛb
×n+p
′
64
(Cn/−γ5)αβ(γν)αα′(γµ)ββ′(n/+γ5C)β′α′
∝ λ10/λ6 ∼ λ4, (29)
where the scaling λ10 is from decay constants and 1/λ6 comes from the two gluons propagators
and the propagator in Eq. (28). CN is the color factor
CN =
1
36
ǫijkǫi
′j′k′(T bT a)ii
′
(T b)jj
′
(T a)kk
′
=
2
27
. (30)
Eq. (29) confirms our power counting analysis given in the previous section. Furthermore as
indicated in the third line of the above equation, the light spectator (diquark) system is proportional
to g⊥µν which results in the Lorentz structure
F (a) ∝ u¯Λn/+n/−
4
Γ
1 + v/
2
uΛb , (31)
where the large energy and heavy quark symmetries are manifestly demonstrated again.
In Fig. 2(b), the upper gluon vertex is replaced by n/+/2 and the quark propagator next to the
electroweak vertex is of the form n/−/2. Therefore this diagram has the same structure:
F (b) = CNg
4
s
∫
dy2dy3dx2dx3fΛbfΛΦΛb(x1, x2, x3)ΦΛ(y1, y2, y3)
× i
y3x3mΛbn+p
′n−v
i
(y2 + y3)(x2 + x3)mΛbn+p
′n−v
× u¯Λn/+
2
−in/−
2(x2 + x3)n−vmΛb
ΓuΛb
×n+p
′
2
(Cn/−γ5)αβ(γ⊥µ
in/+
2(y2 + y3)n+p′
n/−)αα′(γ
µ
⊥)ββ′(n/+γ5C)β′α′
∝ λ10/λ6 ∼ λ4. (32)
In Fig. 2(c), based on the first observation, the upper gluon is transverse; thus there are either one
or three transverse indices in the light spectator system, leading to vanishing contribution.
In Fig. 2(d), both gluons can only contain transverse components and this diagram can be
matched onto the operator OB. Both the heavy quark and light quark propagators scale as λ0 and
thus
F (d) = CNg
4
s
∫
dy2dy3dx2dx3fΛbfΛΦΛb(x1, x2, x3)ΦΛ(y1, y2, y3)
i
y3x3mΛbn+p
′n−v
i
x2y2mΛbn+p
′n−v
×u¯Λγν⊥
in/+
2(y1 + y3)n+p′
Γ
in/−
2mΛbn−v
γµ⊥uΛb ×
n+p
′
2
(Cn/−γ5)αβ(γ⊥µ)αα′(γ⊥ν)ββ′(n/+γ5C)β′α′
∝ λ10/λ4 ∼ λ6. (33)
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with again λ10 from decay constants and 1/λ4 from the two gluon propagators. Of particular
interest is that the Lorentz structure in this diagram has the form
F (d) ∝ u¯Λγν⊥
in/+
2(y1 + y3)n+p′
Γ
in/−
2mΛbn−v
γµ⊥uΛb , (34)
which manifestly breaks the large recoil symmetries.
In Fig. 2(e), the gluon attaching to the two light quarks is transverse while the component
n−Ahc contributes at the heavy quark propagator. This diagram corresponds to the operator O
D.
Using the first observation, the light quark propagator scales as λ0 and thus
F (e) = CNg
4
s
∫
dy2dy3dx2dx3fΛbfΛΦΛb(x1, x2, x3)ΦΛ(y1, y2, y3)
× i
y3x3mΛbn+p
′n−v
i
(y2 + y3)(x2 + x3)mΛbn+p
′n−v
×u¯ΛΓ
[ −in+v
(y2 + y3)n+p′n−v
+
n/−n/+
4
i
n−vmΛb
]
uΛb
×n+p
′
2
(Cn/−γ5)αβ(γ⊥µ
in/+
2(y2 + y3)n+p′
n/−)αα′(γ
µ
⊥)ββ′(n/+γ5C)β′α′
∝ λ10/λ4 ∼ λ6. (35)
The first term in the square bracket obeys the large recoil symmetries, but the integral over y2+y3
in it is divergent. It is worthwhile to point out that in the SCET solution for the operator OE
in the previous section, the number of the occurrence of 1/(in+∂) is found to be n2 = 3, which
means the momentum fractions for the light baryon can appear only three times. The additional
momentum fraction arises from the short-distance coefficients, for instance at tree-level shown in
Eq. (15).
In Fig. (2f), the gluon attaching to the b quark can not contribute with the transverse component
based on the second observation. The n+Ahc component can be absorbed into the Wilson line,
one necessary piece in the gauge invariant definition of the SCET operators. Thus this diagram is
incorporated into the operator OA and its scaling is
F (f) = CNg
4
s
∫
dy2dy3dx2dx3fΛbfΛΦΛb(x1, x2, x3)ΦΛ(y1, y2, y3)
× i
y3x3mΛbn+p
′n−v
i
(y2 + y3)(x2 + x3)mΛbn+p
′n−v
× u¯ΛΓ −i
(y2 + y3)n+p′
uΛb
×n+p
′
64
(Cn/−γ5)αβ(n/+
−in/−
2(x2 + x3)mΛbn−v
γ⊥µ)αα′(γ
µ
⊥)ββ′(n/+γ5C)β′α′
∝ λ10/λ6 ∼ λ4. (36)
In particular this contribution cancels the one from Fig. (2b).
In Fig. 2(g), the two heavy quark propagators have the offshellness of order m2b and can be
shrunk to one point. Suppose that the two gluons are transverse, and then it is incorporated into
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OC and its power scaling is
F (g1) = CNg
4
s
∫
dy2dy3dx2dx3fΛbfΛΦΛb(x1, x2, x3)ΦΛ(y1, y2, y3)
i
y3x3mΛbn+p
′n−v
i
x2y2mΛbn+p
′n−v
×u¯ΛΓ −1
(y2 + y3)n+p′
γ⊥µγ⊥νuΛb ×
n+p
′
2
(Cn/−γ5)αβ(γ⊥µ)αα′(γ
µ
⊥)ββ′(n/+γ5C)β′α′
∝ λ10/λ4 ∼ λ6, (37)
where the momentum fraction 1/(y2 + y3) in the second line comes from the Wilson coefficient for
the operator OC . If the two gluons take the n+Ahc component for the vertices attaching to the
heavy quark, this diagram can be matched onto operator OA. The contribution is λ2 suppressed
compared to the leading power terms
F (g2) = CNg
4
s
∫
dy2dy3dx2dx3fΛbfΛΦΛb(x1, x2, x3)ΦΛ(y1, y2, y3)×
i
y3x3mbn+p′n−v
i
x2y2mbn+p′n−v
×u¯ΛΓ i
(y2 + y3)n+p′
i
y3n+p′
uΛb ×
n+p
′
2
(Cn/−γ5)αβ(n/+)αα′(n/+)ββ′(n/−γ5C)α′β′
∝ λ10/λ4 ∼ λ6, (38)
and the integration in this term does not converge.
IV. DISCUSSIONS
As we have shown, in the dominant contribution from the OA the inverse of derivatives to both
collinear fields and soft fields appear three times. In the momentum space these factors will be
converted to the inverse of momenta. Let them act on the collinear fields, we obtain the factor
1/(n+p
′)3. The energy dependence of a quark field can be read from the propagators
〈0|ξc(x)ξ¯c(0)|0〉 =
∫
d4p′
(2π)4
e−in+p
′n−x/2n+p
′
p′2
n/−
2
. (39)
The measure d4p′ and p′2 are Lorentz invariant, and thus ξc ∼
√
n+p′. Then the leading power
baryonic transition matrix element scales as
〈Λ(p′)|OA(0)|Λb(p)〉 ∼ (n+p
′)3/2
n+p′
3 = (n+p
′)
−3/2
,
where we have employed the energy independence of baryon states. Using u¯Λ ∼
√
n+p′ and the
definition of the soft form factor in SCET
〈Λ(p′)|OA(0)|Λb(p)〉 = ξΛ(E)u¯Λ(p′)ΓuΛb(p),
and restoring correct mass dimensions, we obtain the momentum dependence
ξΛ(E) ∼ Λ
2
(n+p′)2
. (40)
This behavior can also be read from the QCD calculation as shown in Eq. (29). But it should be
noticed that the above scaling law is different with the results derived in different versions of QCD
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light-cone sum rules [5, 6] in which the form factor is dominated by soft processes. To have the
power counting, we represent the form factor as an overlap integral of the wave functions in both
longitudinal and transverse momentum space
ξΛ(E) =
∫
dx2d
2~k2⊥dx3d
2~k3⊥
(16π3)2
ψΛb(x2, x3,
~k2⊥, ~k3⊥)ψΛ(y2(x2), y3(x3), ~k2⊥, ~k3⊥), (41)
with y2(x2) and y3(x3) to be fixed by kinematics. From the normalizations of the b-baryon state,
we have ∫
dx2d
2~k2⊥dx3d
2~k3⊥
(16π3)2
|ψΛb(x2, x3, ~k2⊥, ~k3⊥)|2 = 1, (42)
implying that ψΛb(x2, x3,
~k2⊥, ~k3⊥) ∼ λ−6 since x2,3 ∼ λ2 and k2⊥,3⊥ ∼ λ2. For the light particles,
the momentum fraction in the normalization is of order 1, therefore for generic values of y2,3,
ψΛ(y2, y3, ~k2⊥, ~k3⊥) ∼ λ−4. However the dominance of soft processes leads to the phase suppression
and in particular the scalings of the momentum fractions y2(x2) ∼ λ2 and y3(x3) ∼ λ2 result in
ψΛ(y2(x2), y3(x3), ~k2⊥, ~k3⊥) ∼ 1. Substituting the scalings for the wave-functions, we obtain
ξΛ(E) ∼ λ6, (43)
from which we can see the contribution from the soft process is formally λ2-suppressed compared
to the leading power contribution from the operator OA.
As a comparison, it is also instructive to recapture the energy dependence of the B → π form
factor in the SCET. Ref. [19] finds that when matching onto SCETII the leading power contribution,
from the operator ξ¯hcΓhv , has two powers of 1/(in+∂). Together with the scalings from the two
collinear quark fields, the soft form factor, parametrized via
〈π(p′)|ξ¯hchv|B¯(p)〉 = 2Eξπ(E)
with E = n−vn+p
′/2 = (m2B − q2)/(2mB), behaves as
ξπ(E) ∼
Λ3/2
√
mb
(n+p′)2
∼ (Λ/mB)
3/2
1− q2/m2B
. (44)
When matching to SCETII, the derivatives 1/(in+∂) and 1/(in−∂) also contain the momentum
fractions: x2, x3 or x2 + x3 for the initial heavy baryon, y1, y3, y3 or some linear combinations
depending on the fields acting on. For example, the tree-level factorization formula from Fig. 2(a)
has the following integration form as shown in Eq. (29)∫
dy2dy3dx2dx3ΦΛb(x1, x2, x3)ΦΛ(y1, y2, y3)
1
x2x3y2y3(y1 + y3)(x2 + x3)
. (45)
With the assumption that Φ ∼ x2x3 in the limit of x2, x3 → 0 [22, 23], where Φ denotes the LCDA
of Λb or Λ, the integration is convergent which is different with the mesonic transition form factor
ξπ. In Fig. 2(b) and Fig. 2(f), the involved integral∫
dy2dy3dx2dx3ΦΛb(x1, x2, x3)ΦΛ(y1, y2, y3)
1
y3x3(y2 + y3)2(x2 + x3)2
(46)
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is finite as well. The absence of the divergences leads to the factorization of ξΛ
ξΛ = fΛbΦΛb(xi)⊗ J(xi, yi)⊗ fΛΦΛ(yi), (47)
in which ⊗ denotes the convolution over momentum fractions xi and yi, and the jet function is
given as
J(xi, yi) = −1
4
CNg
4
s
1
x2x3(x2 + x3)
1
y2y3(y1 + y3)
1
(m2Λb − q2)2mΛb
+ (x2 ↔ x3, y2 ↔ y3). (48)
It should be cautious that although this formula is valid at tree-level (order α2s), whether it can be
extended to all orders remains unknown to us and requires further analysis.
On the contrary, the subleading power corrections can not be factorized, for instance the second
term from the diagram shown in Fig. 2(g), has the form∫
dy2dy3
1
y2y
2
3(y2 + y3)
ΦΛ(y1, y2, y3) ∼ log(y3),
which is divergent when y3 is approaching zero.
To have some numerical estimate, we use the QCD sum rule calculation of the fΛb(next-to-
leading order in αs) [24] and fΛ [23]
fΛb = (0.032 ± 0.004)GeV3, fΛ = (6.0 ± 0.3)× 10−3GeV2, (49)
together with the asymptotic form of ΦΛ [23] and the parametrized model for ΦΛb [22]
ΦΛb(x1, x2, x3) = x2x3
[
m4Λb
ǫ40
e−(x2+x3)mΛb/ǫ0 + a2C
3/2
2 (2u− 1)
m4Λb
ǫ41
e−(x2+x3)mΛb/ǫ1
]
,
ΦΛ(y1, y2, y3) = 120y1y2y3, (50)
where ω = (x2 + x3)mΛb , u = x2/(x2 + x3), ǫ0 = (200
+130
−60 ) MeV, ǫ1 = (650
+650
−300) MeV and
a2 = 0.333
+0.250
−0.333 [22]. With these inputs and the strong coupling constant at the scale µ ∼ 2 GeV:
αs ≃ 0.3, we calculate the form factor as
ξΛ(q
2 = 0) = −0.012+0.009−0.023, (51)
where the displayed uncertainties are from ǫ0. For comparison, we quote the soft form factor ξΛ
computed in the SCET sum rules [5]
ξΛ(q
2 = 0) = 0.38, (52)
which is larger by about one order of magnitude.
V. CONCLUSIONS
Weak decays of heavy baryons provide an ideal ground for the extraction of the helicity structure
of the electroweak interaction, thanks to the spin correlation and polarization embedded in decay
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amplitudes. In the heavy-to-light transition, the most important ingredients incorporating the
QCD dynamics are form factors. Due to the variety in the Lorentz structures, the amplitude is
governed by a number of form factors. The development of the effective field theory allows us to
simplify the form factors and pick up the terms of great importance.
In this work we have analyzed the factorization properties and power scalings of heavy-to-light
baryonic form factors at large recoil. Using the soft-collinear effective theory, we proved that the
form factors are greatly simplified by the heavy quark and large energy symmetries at leading power
in 1/mb. This finding indicates that only one function is necessary to parametrize the transition
of Λb → p or Λb → Λ. A general power counting analysis indicates the form factors are of the
order Λ2/E2. In contrast to the mesonic case, the leading power form factor can factorize into a
convolution of a hard-scattering kernel of order α2s and light-cone distribution amplitudes without
encountering any divergence. Using the inputs mainly from QCD sum rules, we calculate the form
factor ξΛ(E) and find it is numerically smaller than the one governed by soft processes, although
the latter is formally power-suppressed. We have also discussed the origins for symmetry breaking
effects which are suppressed by powers of Λ/mb and/or Λ/E.
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